INTRODUCTION
transcribed from a promoter (P2) whose transcription start site is located 225 approximately 60 nucleotides upstream of the initiation codon of the first structural 226 gene (proV) and which is recognized by the σ 70 -RNA polymerase holoenzyme (E 227 σ 70 ). A second promoter, P1, located 250 nucleotides upstream of proV is σ S -(RpoS)-228 dependent but its physiological significance is uncertain since deletion of P1 or 229 elimination of rpoS expression do not affect proU transcription in vivo (32) . 230
Furthermore, quantitative real-time PCR (qRT-PCR) showed that under the conditions 231 used in this study, transcription of proU is driven by P2 and not P1 (Fig. S1) . 232
The proU promoter region contains two regulatory domains, the upstream 233 regulatory element (URE) and the downstream regulatory element (DRE), both of 234 which are known H-NS binding sites (13). These high-affinity binding sites contain 235 identical matches to the consensus sequence for H-NS binding (Fig. 1) . Under 236 conditions of low osmolarity H-NS is bound in these regions and represses 237 transcription; upon addition of salt, the proU promoter is de-repressed as H-NS is 238 displaced, allowing transcription to proceed; full expression occurs at 300 mM NaCl 239 (32) . Transcription silencing at proU may involve a repressive complex consisting of 240 a DNA-H-NS-DNA bridge at the URE and DRE (7). However, the DRE alone is 241 sufficient to maintain significant repression under low salt conditions, where it 242 inhibits the formation of an open transcription complex (7, 51). In this study the 243 previously characterised binding site for VirB at the icsB promoter was introduced 244 into the promoter region of proU at different locations and the synthetic promoters13 were monitored for VirB-dependent de-repression under normally repressive 246 conditions. 247
The VirB binding site at its native location at icsB is found upstream of the 248 promoter, bordering the region that is bound by H-NS (76) . To mimic this 249 arrangement, the VirB binding site, including the essential Box 1/Box 2 motif, was 250 inserted immediately upstream of the URE at the proU promoter. Transcription was 251 monitored using a gfp fusion where levels of the green fluorescent protein (Gfp) 252 reflected proU promoter activity (Fig. 2) . Expression of proU-gfp was monitored in 253 wild type, virB mutant and hns mutant backgrounds, under growth conditions that 254 were normally non-permissive for proU transcription, i.e. LB containing 0 M NaCl. 255
Control constructs that completely lacked a VirB binding site were also monitored to 256 determine the level of native proU expression under non-permissive conditions. 257
Further controls that included constructs with a modified VirB binding site with base 258 pair substitutions in the essential Box 1/Box 2 motif were also monitored to examine 259 proU expression in constructs where the antagonist cannot bind. Functional or 260 mutated VirB binding sites were introduced at position -270 with respect to the 261 transcription start site. Insertions were made in either a forward or reverse orientation 262 so as to address the possibility that VirB binding site directionality might influence 263 derepression ( Fig. 2A-C) . The gfp gene was placed under the control of each promoter 264 on a plasmid to monitor proU transcription. All of these experiments were performed 265 in S. flexneri. 266
Expression of proU-gfp in the control constructs, either completely lacking the 267 binding site for VirB or containing the version with a mutated Box 1/Box 2 motif, 268 was repressed, and repression was maintained regardless of the presence or absence 269 of VirB protein ( Fig. 2A, D and E). Repression was only alleviated when the hns genewas inactivated. However, the modified proU promoters that contained a functional 271 binding site for VirB were derepressed in the presence of a functioning hns gene (Fig.  272 2B and C). These proU-gfp expression levels were similar to those seen in the hns 273 mutant, suggesting that up-regulation of the proU promoter involved relief of H-NS-274 mediated repression. This de-repression of proU in low salt was contingent on the 275 presence of the VirB protein. The ability of VirB to de-repress the promoter was not 276 influenced by the orientation of the VirB binding site (Fig. 2B and C) . 277
To address the possibility that plasmid-associated artefacts might have influenced 278 the results, the proU-gfp fusion constructs with the various forms of the VirB binding site 279 were integrated into the chromosome at the native proU locus. Results obtained with these 280 strains were similar to those from the plasmid-based experiments (data not shown). 281
VirB-dependent derepression is conditional on binding site location. The VirB 282 binding site was inserted into different locations upstream of the proU promoter to 283 investigate the importance of its position relative to the URE and DRE, the cis-acting 284 negative regulatory elements that are bound by H-NS. The DRE found downstream of 285 the proU promoter is known to be imperative for the maintenance of proU repression 286 by H-NS. In contrast, the URE has been shown to be less essential for H-NS-mediated 287 repression in low osmolarity growth conditions (44, 51). To assess the significance of 288 the URE for the VirB-mediated derepression mechanism, two new proU promoter 289 constructs were made, one with the VirB binding site inserted into the URE and the 290 other with the site located between the URE and DRE (Fig. 3) . 291
The URE and VirB-dependent derepression of proU. Insertion of the VirB binding 292 site at position -150 with respect to the proU transcription start site interrupted the 293 URE at approximately its mid-point (Fig. 3A-C ). Insertions were made at this position 294 of the native VirB binding site (Fig. 3B ) and of the site with the Box 1/Box 2 295 gfp fusion in the presence of VirB while the presence of the native binding site 297 resulted in only partial VirB-dependent depression. In both cases, derepression was 298 assessed by comparison with the level of proU-gfp expression seen in the hns 299 knockout mutant (Fig. 3) . 300
The VirB binding site was next inserted at position -60, placing it between the 301 intact URE and DRE elements. This insertion also had the effect of displacing the 302 URE further upstream from the transcription start site; its promoter proximal 303 boundary was now at position -160 rather than -60 (Fig. 3 ). Insertions were made at 304 this position of both the intact binding site (Fig. 3D ) and the mutant derivative with 305 the Box 1/Box 2 base pair substitutions (Fig. 3E) . As before, the mutant binding site 306 could not support VirB-dependent derepression of proU-gfp transcription, whereas the 307 intact binding site did ( Fig. 3B and 3C) . However, the level of derepression achieved 308 was not as great as that seen in the hns-deficient strain. Taken together, these data 309 indicated that successful antagonism of proU repression was affected by both the 310 presence and the location of an intact URE. 311
Removal of the URE abolishes VirB-dependent derepression of proU. The proU 312 promoter region was modified so that the URE was removed completely and replaced 313 by the VirB-binding site ( Fig. 4A and B) . A control construct was produced in which 314 the altered form of the VirB binding site containing the Box 1/Box 2 mutations had 315 replaced the URE (Fig. 4C) . Neither of these constructs supported VirB-dependent 316 derepression of the proU-gfp fusion, although the fusion was derepressed when 317 introduced to an hns mutant strain (Fig. 4) . Neither set of constructs in which the URE was removed showed alleviation of 332 repression compared to the hns mutant. This is consistent with the hypothesis that 333 while the URE and DRE may act synergistically, the DRE alone can maintain 334 significant repression (51). 335
VirB protein levels are sufficient for proU derepression at low osmolarity. The VirB 336 protein is known to be present at reduced levels in the low osmolarity growth conditions 337 under which these experiments were conducted (63). To confirm this, VirB protein levels 338 were monitored in bacteria exposed to increasing concentrations of NaCl. The results 339
showed a clear increase in protein levels with increasing osmolarity (Fig. 5A ). Western 340 blots were used to monitor variations in VirB protein concentrations in wild type bacteria 341 and an hns mutant grown at 0 mM NaCl conditions or in standard 172 mM NaCl LB. As 342 expected, VirB protein levels increased in the hns mutant (the virB promoter is repressed 343 by H-NS) and no VirB was detected in a virB null mutant (Fig. 5B ). Despite levels of VirB 344 being lower in wild type cells at in low osmolarity, the proU expression data showed thatthere was still a sufficient quantity of VirB to exert an effect on transcription. To verify 346 this, expression of a lacZ reporter fusion to mxiC, a VirB-regulated gene encoding a 347 structural component of the type III secretion system was analysed. Beta-galactosidase 348 activities were assessed at both osmolarities in wild type, virB and hns strains. The results 349
showed that although VirB protein levels were depleted at 0 M NaCl compared to standard 350 NaCl (172 mM), there was sufficient protein to de-repress mxiC transcription in agreement 351
with the data obtained with the proU promoter constructs (Fig 5B) . 352
The modified proU promoter constructs retain osmo-sensitivity. To ensure that the 353 icsB-proU hybrid promoters used in this study retained the osmotic sensitivity that is 354 characteristic of proU, the hybrid promoters were tested for activity under conditions of 355 increasing osmolarity. Both the native proU promoter and those derivatives that had been 356 The existing information on the regulatory activity of VirB suggests that it 389 operates via a very simple mechanism: the concentration of the VirB protein in the 390 cell is controlled in response to environmental signals and once a threshold 391 concentration is reached it can displace the H-NS repressor from its target gene 392 promoters (3, 76). Displacement is most likely to be achieved due to the mutually 393 incompatible effects of H-NS and VirB on local DNA structure at their overlapping 394 binding sites. VirB acts simply as an anti-repressor that makes the H-NS-DNA 395 repression complex untenable; it does not act to recruit or to activate RNA polymerase 396 (76) . 397
The simple nature of the VirB regulatory mechanism makes it an interesting 398 subject for artificial evolution experiments involving genes that are repressed by H-399 NS but have no known VirB dependency. The proU operon fits this description and is 400 a particularly attractive subject for investigation because, unlike the S. flexneri 401 virulence operons, proU is not regulated in response to temperature (7). 402
We have modified the proU promoter to make it responsive to the VirB 403 protein showed that the VirB-binding site combination influences proU transcription from a 413 position that is at least 270 bp upstream of the transcription start site (Fig. 2) . At this 414 range, it is highly unlikely that the VirB protein is acting via protein-protein contact 415 with RNA polymerase bound to the proU promoter. It is more likely that VirB is 416 acting as an anti-repressor by antagonizing H-NS-mediated promoter repression, just 417
as it does at its native targets in the S. flexneri virulence gene regulatory cascade. The 418 effect on proU promoter activity was the same regardless of the orientation of the 419 VirB binding site sequence ( Fig. 2D and E) . This is consistent with the ability of this 420 (Fig. 3B) . When the intact URE was relocated to a position on the 431 promoter distal side of the VirB binding site, the efficacy of VirB-mediated 432 transcriptional derepression was reduced (Fig. 3D) . Moreover, the complete removal 433 of the URE from next to the VirB binding site resulted in a complete loss of VirB-434 dependent derepression (Fig. 4B) . That the effects seen were not due to the distance ofthe VirB binding from the promoter was shown by experiments in which the location 436 of the binding site at the -270 position was preserved by insertion of a 210-bp 437 segment of DNA known not to contain H-NS binding sites (Fig. 4D) . Here, in the 438 absence of the URE, the proU promoter remained repressed unless the H-NS protein 439
was removed from the cell by mutation of the hns gene. These data suggest that the 440 URE plays an important role in the VirB-dependent derepression mechanism. 441
The model that is most likely to account for VirB-mediated derepression of the 442 proU-gfp fusion under normally non-permissive growth conditions is one that 443 assumes that both the URE and DRE participate in an H-NS-dependent transcription 444 repression complex (Fig. 7) . The established ability of the VirB protein to act as an 445
anti-repressor in S. flexneri through disruption of H-NS-DNA complexes can be 446 applied to this URE-H-NS-DRE complex, particularly if the ability of H-NS to form 447
DNA-protein-DNA bridges is taken into account (16, 17, 45, 55). Assuming the URE 448 and DRE are bridged by H-NS dimers to form a structure that is inhibitory for proU 449 transcription, the binding of the VirB protein to its site located immediately adjacent 450 to the URE with the associated remodelling of the nucleoprotein complex due to VirB 451 wrapping of DNA might be expected to reduce the stability of the repression complex 452 (Fig. 7A ). The proposed displacement of H-NS from the bridged structure would be 453 consistent with the upregulation of the proU-gfp fusion to the levels seen in the hns 454
mutant. 455
Placing the VirB binding site between the URE and DRE or adjacent to a 456 truncated URE also resulted in upregulation of the proU-gfp fusion under non-457 permissive conditions, but not to the same level seen in the hns mutant. This indicates 458 that residual H-NS-mediated repression activity remained when the VirB proteinwas located immediately adjacent to a DNA sequence that is known to bind H-NS. 466
Removing the URE abolished VirB dependent de-repression of proU. In the absence 467 of the URE, repression would be maintained by the DRE alone. The binding of VirB 468 at position -60 or -270 without the URE present might place the antagonist at too great 469 a distance for it to displace the repressive complex formed by H-NS-binding at the 470 DRE ( Fig. 7C and D) . regulators. There, the binding sites for the heterologous DNA binding proteins weredisrupting its ability to act as a repressive element (10). This is likely to have created a 486 direct competition between the Lac or Lambda repressors and H-NS for access to bgl 487 DNA, whereas the VirB protein acts to 'pull the rug' from under H-NS at the 488 immediately-adjacent proU URE by its DNA wrapping activity by analogy with its 489 anti-repressor mechanism at icsB in S. flexneri (76) . VirB present was sufficient to exert its normal effect on transcription (Fig. 6) . The 507 constructs were not subjected to overexpression of VirB protein, but instead, natural 508 levels of the protein were used to effect de-repression. Therefore, although artificial 509 constructs were tested here this system did mimic its native equivalent in that 510 physiologically relevant conditions were used and proU osmo-regulation remained 511
intact. This serves to support the proposal that an event of the type engineered here 512 could evolve by natural means. 513
We have demonstrated that insertion of a VirB binding site can confer VirB-514 mediated de-repression on an H-NS repressed promoter that is unrelated to the normal 515 VirB regulon. This is consistent with the hypothesis that the VirB binding site may 516 once have been located in the vicinity of its gene (virB), by analogy with the 517 juxtaposition its parB homologue and its cis-acting parS site (Fig. 1) NaCl (mM) 
